converting enzyme (ACE) inhibitors reduce body weight, lower blood pressure (BP), and improve insulin sensitivity in animal models of cardiometabolic syndrome. These effects are generally attributed to reduced angiotensin (ANG) II formation; however, these therapies also increase levels of ANG-(1-7), a beneficial hormone opposing ANG II actions. We hypothesized that this ANG-(1-7) generation contributes to the insulin-sensitizing effects of ACE inhibition in obese mice. Adult male C57BL/6J mice were placed on a 60% high-fat diet for 11 wk. During the last 3 wk of diet, mice received normal water or water containing the ACE inhibitor captopril (50 mg/l) as well as the ANG-(1-7) mas receptor antagonist A779 (400 or 800 ng·kg Ϫ1 · min Ϫ1 ) or saline vehicle via subcutaneous osmotic minipumps. At the end of treatment, arterial BP was measured, and hyperinsulinemiceuglycemic clamps were performed in conscious obese mice receiving vehicle, captopril, captopril plus A779, or A779 (n ϭ 6 -13/group). Captopril reduced body weight (28 Ϯ 2 vs. 41 Ϯ 2 g saline; P ϭ 0.001), lowered systolic BP (109 Ϯ 6 vs. 144 Ϯ 7 mmHg saline; P ϭ 0.041), and improved whole-body insulin sensitivity (steady-state glucose infusion rate: 31 Ϯ 4 vs. 16 Ϯ 2 mg·kg Ϫ1 ·min Ϫ1 saline; P ϭ 0.001) in obese mice. A779 attenuated captopril-mediated improvements in insulin sensitivity (23 Ϯ 2 mg·kg Ϫ1 ·min Ϫ1 ; P ϭ 0.042), with no effect on body weight (32 Ϯ 2 g; P ϭ 0.441) or BP (111 Ϯ 7 mmHg; P ϭ 0.788). There was no effect of A779 alone on cardiometabolic outcomes. These data suggest that insulin-sensitizing effects of ACE inhibition are in part due to activation of ANG-(1-7)/ mas receptor pathways and provide new insight into mechanisms underlying the positive metabolic effects of these therapies. animal models; hypertension; insulin resistance; obesity; renin-angiotensin system
INTRODUCTION
Overactivation of the renin-angiotensin (ANG) system (RAS) is an important hormonal mechanism contributing to hypertension and insulin resistance (27, 44) . In this system, the precursor angiotensinogen is cleaved by the enzyme renin to form ANG I, which is subsequently cleaved by ANGconverting enzyme (ACE) to form ANG II. The actions of ANG II at AT 1 receptors elevate blood pressure to promote hypertension through multiple mechanisms including vasocon-striction, aldosterone release, oxidative stress, inflammation, and sympathetic nervous system activation (44) . In addition, circulating and adipose ANG II levels are increased in obesity and can increase hepatic glucose output and contribute to insulin resistance via uncoupling intracellular insulin signaling pathways and inhibiting insulin-stimulated glucose uptake in peripheral tissues (29, 33, 35) . Pharmacological blockade of ANG II formation with ACE inhibitors is widely used for hypertension treatment. These therapies are often used in obese patients because of their positive metabolic profile and have been shown to reduce incidence of new-onset type II diabetes mellitus in large randomized clinical trials (1) . In obese rodents, ACE inhibitors lower body weight and improve hypertension, insulin resistance, and glucose intolerance (9, 10, 32) .
The beneficial cardiovascular and metabolic effects of ACE inhibition are generally attributed to reduced ANG II formation; however, these therapies also increase circulating levels of ANG-(1-7). (7, 24, 26, 28) ANG-(1-7) is a more recently discovered bioactive peptide of the RAS that generally opposes ANG II actions (38) . ANG-(1-7) is formed from cleavage of ANG I by various endopeptidases, such as neprilysin, or from cleavage of ANG II by ACE2. The basis for the potent rise in ANG-(1-7) with ACE inhibition is primarily due to decreased degradation of ANG-(1-7) to ANG-(1-5) by ACE (8, 34) . ANG-(1-7) binds mas G protein-coupled receptors distributed in numerous tissues to lower blood pressure in rodent models of hypertension through vascular, neural, renal, and cardiac mechanisms (36, 38) . Accumulating evidence from our laboratory and others have shown that ANG-(1-7) also has positive effects on lipid metabolism, insulin action, glucose homeostasis, and energy balance in rodent models of cardiometabolic syndrome independent of effects on blood pressure (16, 48) . For example, our laboratory recently showed that ANG-(1-7) produces blood pressure-independent improvement in whole-body insulin sensitivity in obese mice by enhancing insulin-stimulated skeletal muscle glucose uptake (48) .
Emerging studies have shown a role for endogenous ANG-(1-7) generation in the cardiovascular, antithrombotic, and renal-protective effects of ACE inhibition in animal models of hypertension and type I diabetes (2, 4, 19, 26, 50) . There are, however, limited studies examining the importance of ANG-(1-7) to the metabolic effects of ACE inhibitors (12, 31) . In this study, we tested the hypothesis that ANG-(1-7) mas receptor-mediated pathways contribute to the insulin-sensitizing effects of chronic ACE inhibition in obese mice. To test this, we performed hyperinsulinemiceuglycemic clamps to measure whole-body insulin sensitivity in conscious obese mice following chronic treatment with saline vehicle, the ACE inhibitor captopril, the ANG-(1-7) mas receptor antagonist A779, or captopril plus A779. We also measured blood pressure in these animals to provide information on the role of ANG-(1-7) in integrated cardiometabolic function in obesity.
MATERIALS AND METHODS
General. All procedures conformed to the NIH Guide for Care and Use of Laboratory Animals and were approved by the Penn State College of Medicine Institutional Animal Care and Use Committee. Mice were housed in a humidity-and temperature-controlled room (23°C) on a 12-h:12-h light/dark cycle. Mice had ad libitum access to food and water throughout the study.
Diet and drug delivery. There were four groups of obese mice in this study: 1) saline (n ϭ 8, saline infusion plus normal water); 2) CAP (n ϭ 6, saline infusion plus captopril water); 3) A779 (n ϭ 6, A779 infusion plus normal water); and 4) CAP ϩ A779 (n ϭ 13, A779 infusion plus captopril water). We did not include chow-fed mice, as we previously shown no effect of chronic ANG-(1-7) administration on cardiovascular or metabolic function under normal conditions (48) . Male C57BL/6J mice (Jackson Laboratory) were placed on a diet containing 60% kcal from fat (high-fat diet, HFD; Bioserv F3282) starting at 5 wk of age. After 8 wk of HFD, mice were implanted with a subcutaneous osmotic minipump (Alzet Model 2004) for chronic 3-wk infusion of saline or the ANG-(1-7) mas receptor antagonist A779 (Bachem). To examine potential dose-response relationships, we administered A779 at 400 ng·kg Ϫ1 ·min Ϫ1 (n ϭ 6) and 800 ng·kg Ϫ1 ·min Ϫ1 (n ϭ 7) doses. Data were pooled, as there were no significant differences in any of the outcomes measured between these two doses of A779. Similar doses, duration, and route of administration for A779 were shown to prevent protective effects of ANG-(1-7) on atherogenesis in obese ApoE-knockout mice as well as on weight gain in obese rats (31, 49) . Immediately following minipump implantation, mice received either normal tap water or water containing the ACE inhibitor captopril (50 mg/l; Tocris Bioscience). We chose captopril, as it is known to elevate circulating ANG-(1-7) levels in several species, including rodents (7, 24, 26, 28, 31) . Captopril was provided daily at a dose shown to reduce body weight and improve glucose tolerance in obese mice (32) . There were no differences in daily water intake between mice receiving normal water and water containing captopril (2.9 Ϯ 0.1 and 3.1 Ϯ 0.2 ml, respectively; P ϭ 0.409). Mice receiving captopril consumed~0.16 mg of drug per day, resulting in a dose of 3.7 to 6.7 mg·kg Ϫ1 ·day Ϫ1 depending on the amount of fluid consumed and body mass for an individual animal. This dosing regimen in mice has been previously shown to be equivalent to captopril doses used for treatment of hypertensive patients (32) . We chose to employ HFD-induced obese mice, as this animal model closely mimics the human condition, exhibits ANG-(1-7) deficiency, and allows for integrated study of insulin resistance and hypertension (45, 48) .
Body composition. At the end of treatment, body mass was measured, and body composition was determined using an mq10 nuclear magnetic resonance analyzer (Bruker Optics).
Blood pressure. As previously reported (48) , blood pressure and heart rate were measured in conscious mice on the morning of insulin clamps at t ϭ Ϫ150 min via an indwelling carotid artery catheter connected to a strain-gauge transducer and BP analyzer (BPA-400; Digi-Med). This method was used because direct arterial measurement is more sensitive and accurate compared with tail cuff measurement, and it is not possible to measure blood pressure by gold standard radiotelemetry methods in insulin-clamped ani-mals because of the need for carotid artery catheterization for both procedures.
Hyperinsulinemic-euglycemic clamps (insulin clamp). Carotid artery and jugular vein catheters were implanted~5 days before experiments. Insulin clamps were performed in conscious, unrestrained, and 5-h-fasted mice as previously reported (20, 48) . A primed, continuous intravenous infusion of [3-3 H]glucose (0.04 Ci/min; Perkin Elmer) was started at t ϭ Ϫ90 min to determine rates of plasma glucose appearance (Ra) and disappearance (Rd). Arterial blood was drawn from the carotid catheter at baseline to measure glucose-specific activity (t ϭ Ϫ15 and Ϫ5 min) and insulin (t ϭ Ϫ5 min). At t ϭ 0 min, continuous insulin (4 mU·kg Ϫ1 ·min Ϫ1 ; Humulin R; Eli Lilly) and variable glucose (D50 ϩ 50 Ci [3-3 H]glucose) infusions were started. Donor erythrocytes were infused to prevent a fall in hematocrit. Arterial glucose was measured every 10 min from t ϭ 0 -120 min. The exogenous glucose infusion rate (GIR) was adjusted to maintain euglycemia at 110 -130 mg/dl during the steady-state period from t ϭ 80 -120 min. GIR and [3-3 H]glucose kinetics were determined during steady state from t ϭ 80 -120 min. Clamp insulin levels were measured at t ϭ 100 and 120 min, with the average value reported. At t ϭ 120 min, mice received an intravenous bolus of 2 [ Insulin clamp calculations. R a and Rd were calculated using nonsteady-state equations. Endogenous glucose production (EndoRa) was calculated by subtracting GIR from total Ra. Tissue Rg was calculated as previously described in skeletal muscle (gastrocnemius, vastus lateralis, and soleus), adipose tissue (visceral epididymal, subcutaneous inguinal, and interscapular brown), heart, and brain (25) . To account for potential differences among groups in arterial glucose and insulin levels during the insulin clamp, an insulin sensitivity index (SI) was calculated using the formula SI index ϭ GIR/(G ϫ ⌬I), where GIR is the steady-state GIR (mg·kg Ϫ1 ·min Ϫ1 ), G is steady-state blood glucose levels (mg/ml), and ⌬I is the difference between steady-state and basal insulin levels (U/ml).
Plasma ANG peptides. Plasma ANG II and ANG-(1-7) levels were measured in a separate cohort of obese mice that did not undergo insulin clamps (n ϭ 6/group). Blood was collected in a peptidase inhibitor cocktail to prevent in vitro metabolism, with plasma sent to the Biomarker Analytical Core Laboratory at Wake Forest University for radioimmunoassay analysis (3, 40) .
Statistical analysis. Data are presented as means Ϯ SE. Analyses were performed using GraphPad Prism (Version 7.0) with a twotailed P value Ͻ0.05 defined as statistically significant. Differences in outcomes were compared using two-way ANOVA with Tukey's multiple-comparisons post hoc tests. This study was powered to detect differences in insulin sensitivity (GIR needed to maintain euglycemia), the primary outcome, and included similar numbers of mice as our previous study using these methods (48) . On the basis of the present data showing a mean difference in steady-state GIR means of 9.3 between CAP and CAP ϩ A779 groups with a within-group standard deviation of 4.4 and 0.05 ␣-level, this study has 91% power to detect a difference among these treatment groups using independent t-test analysis (PS Dupont software, Version 3.1.2) (11). main effect for captopril to increase ANG-(1-7) levels approximately twofold in the circulation of obese mice (Table 1) . There was no effect of A779, either alone or in combination with captopril, on circulating ANG II or ANG-(1-7) levels.
Contribution of ANG-(1-7) to blood pressure effects of ACE inhibition. As shown in Fig. 1 , obese mice treated with saline exhibited modest hypertension, as evidenced by an average arterial blood pressure level of 142/105 mmHg. Captopril significantly lowered systolic (P CAP ϭ 0.002), diastolic (P CAP ϭ 0.001), and mean (P CAP ϭ 0.001) blood pressure in obese mice, with no effect on heart rate (P CAP ϭ 0.530). There was no significant main effect of A779 on blood pressure or heart rate in obese mice (P A779 ϭ 0.672 systolic, 0.842 diastolic, 0.135 mean, 0.152 heart rate), as well as no interaction between captopril and A779 treatments (P INT ϭ 0.435 systolic, 0.846 diastolic, 0.614 mean, 0.600 heart rate).
Contribution of ANG- (1) (2) (3) (4) (5) (6) (7) to metabolic effects of ACE inhibition. Chronic captopril treatment significantly reduced body mass in obese mice (Table 1 ; P CAP ϭ 0.001). This weight-reducing effect was associated with decreased adiposity and increased lean mass (P CAP ϭ 0.002 and 0.002, respectively), with no effect on fluid mass (P CAP ϭ 0.123). There was no effect of ANG-(1-7) mas receptor antagonism with A779, either alone or in combination with captopril, on body mass, or adiposity (Table 1 ). There was, however, a main effect for A779 to reduce lean mass (P A779 ϭ 0.024). There were no significant differences in basal arterial glucose levels among treatment groups (Table 1) . During steady-state hyperinsulinemia, glucose was similarly clamped in the predefined range of 110 -130 mg/dl among groups (Table 1 ; Fig. 2A ). Despite similar glucose levels, arterial insulin was reduced at baseline (P CAP ϭ 0.034) and similarly during the insulin clamp (P CAP ϭ 0.005) following chronic captopril treatment, suggesting improved insulin sensitivity. There was no main effect of A779 on glucose or insulin levels (Table 1) ; however, A779 prevented the lowering of basal insulin levels produced by captopril (P INT ϭ 0.034).
Contribution of ANG- (1-7) to ACE inhibitor-mediated insulin sensitization. Despite lower clamp insulin levels, captopril significantly increased whole-body insulin sensitivity in obese mice, as measured by both the GIR needed to maintain euglycemia during steady state of the insulin clamp (Fig. 2 , B and C; P CAP ϭ 0.001) and the SI (Table 1 ; P CAP ϭ 0.012). This enhancement in insulin sensitivity was due to increased insulinstimulated peripheral glucose disposal (R d ; Fig. 3A ; P CAP ϭ 0.041), as well as enhanced insulin-mediated suppression of endogenous glucose production (Endo Ra ; Fig. 3B ; P CAP ϭ 0.008). Consistent with effects on peripheral glucose disposal, captopril increased insulin-stimulated glucose uptake (R g ) in soleus and gastrocnemius skeletal muscles, brown fat, and heart in obese mice, with no effects in vastus skeletal muscle, epididymal fat, subcutaneous fat, or brain (Fig. 3, C and D) .
There was no effect of A779 alone on insulin sensitivity, R d , Endo Ra , or glucose uptake in vastus skeletal muscle, fat, heart, and brain (Table 1, Figs. 2 and 3); however, there was a main effect for A779 to increase glucose uptake in soleus and gastrocnemius muscles (P A779 ϭ 0.040 and 0.016, respectively). Importantly, chronic mas receptor antagonism with A779 attenuated captopril-mediated improvements in insulin sensitivity (mean steady-state GIR: P INT ϭ 0.047; SI: P INT ϭ 0.042), clamp R d (P INT ϭ 0.009), and glucose uptake in soleus and gastrocnemius muscles (P INT ϭ 0.008 and 0.006, respectively). There was no interaction between captopril and A779 treatments on basal R d , Endo Ra , or glucose uptake in vastus, fat, heart, and brain.
DISCUSSION
The main finding of this study is that the insulin-sensitizing effects produced by chronic ACE inhibition with captopril in obese mice appear to predominantly stem from activation of ANG-(1-7) mas receptor-mediated pathways. The contribution of ANG-(1-7) pathways to captopril-mediated insulin sensitization includes enhancement of insulin-mediated peripheral glucose disposal with glucose uptake specifically into gastrocnemius and soleus skeletal muscles. Despite these insulinsensitizing effects, our data suggest that weight-attenuating and blood pressure-lowering effects of captopril are independent of ANG-(1-7) in obese mice and therefore may reflect blockade of ANG II formation or other pathways. These overall findings provide new insight into mechanisms underlying the insulinsensitizing effects of ACE inhibition and support the rationale of direct targeting of ANG-(1-7) pathways to improve insulin sensitivity in obesity.
Precise mechanisms underlying beneficial cardiovascular and metabolic effects of ACE inhibition remain unclear, as these therapies concomitantly decrease ANG II and increase ANG-(1-7) levels (7, 24, 26, 28, 31) . In this study, we observed an~50% reduction in ANG II, as well as a twofold increase in ANG-(1-7) levels in obese mice treated with the ACE inhibitor captopril. Our findings are consistent with previous studies showing two-to fourfold increases in ANG-(1-7) following ACE inhibition in rats, canines, and humans (13, 23, 24, 28) . A few studies have shown up to 25-fold increases in ANG-(1-7) with ACE inhibition in rats (4, 7), perhaps attributable to differences in the specific ACE inhibitor used as well as dose and length of treatment. Although not measured in this study, plasma renin activity and ANG I levels are reported to increase following captopril treatment in obese rats (10) .
ACE inhibition improves whole-body insulin sensitivity by increasing peripheral glucose disposal and glucose uptake in skeletal muscle and heart (18) . Consistent with these findings, we used gold standard hyperinsulinemic-euglycemic clamp methods combined with isotopic tracers to show that captopril improves whole-body insulin sensitivity in obese mice by enhancing insulin-stimulated peripheral glucose disposal and glucose uptake in skeletal muscle, brown fat, and heart. Although not examined in this study, ACE inhibitors improve skeletal muscle insulin sensitivity by increasing Glut4 translocation to the sarcolemma either by stimulating bradykinin-nitric oxide pathways or by inhibiting deleterious actions of ANG II on insulin signaling (18) . We also found that captopril lowered basal insulin levels without affecting basal endogenous glucose production and increased insulinmediated suppression of endogenous glucose production, suggesting improved hepatic insulin sensitivity. This finding is consistent with literature suggesting that ANG II blockade with ACE inhibitors or ANG receptor blockers suppresses hepatic endogenous glucose production (33, 43) . Chronic ACE inhibition with captopril significantly lowered blood pressure in obese mice (PCAP: 0.002 systolic, 0.001 diastolic, and 0.001 mean). There was no effect of the ANG-(1-7) mas receptor antagonist A779 alone on blood pressure in obese mice (PA779: 0.672 systolic, 0.842 diastolic, and 0.135 mean) and no interaction of A779 and captopril treatments (PINT: 0.435 systolic, 0.846 diastolic, and 0.614 mean). These data suggest that ANG-(1-7) mas receptor pathways do not play a major role in the blood pressure-lowering effects of ACE inhibition in obese mice. D: there were no main effects of treatments on heart rate (PCAP: 530, PA779: 0.152, PINT: 0.600). Data are means Ϯ SE and analyzed by 2-way ANOVA for main effects of captopril (PCAP) and A779 (PA779) treatments and their interaction (PINT). P values on graphs represent post hoc pairwise comparisons with Tukey's correction for multiple comparisons. bpm, beats per minute.
We further demonstrate that blocking ANG-(1-7) mas receptors with A779 in obese mice reversed the ability of captopril to lower basal insulin levels, improve whole-body insulin sensitivity, and enhance insulin-mediated plasma glucose disposal via skeletal muscle glucose uptake. In support of this concept, A779 blocks the ability of acute captopril to enhance insulin-stimulated skeletal muscle glucose uptake in anesthetized Wistar rats (12) . Furthermore, mas receptor deficiency in mice results in hyperinsulinemia and worsened insulin sensitivity (37) . The underlying mechanism by which ANG-(1-7) mediates ameliorative effects on skeletal muscle insulin sensitivity has been defined by our group and others. Our recent study showed that, in obese mice, chronic systemic ANG-(1-7) administration produced direct insulinsensitizing effects on skeletal muscle by reducing protein levels of AS160, a negative regulator of Glut4 trafficking, to allow Glut4 translocation to the sarcolemma (48) . Similarly, others have shown that ANG-(1-7) increases AS160 phosphorylation and Glut4 protein levels in skeletal muscle in rodents and that A779 decreases Glut4 expression in mice (30, 42) . There was no effect of A779 alone on whole-body insulin sensitivity in obese mice, perhaps reflecting the known ANG-(1-7) deficiency in this model (48) . Despite contributing to skeletal muscle insulin sensitization, there was no effect of A779 either alone or in combination with captopril on basal or insulin-stimulated endogenous glucose production. This is consistent with our previous study showing lack of effect of direct ANG-(1-7) administration on hepatic insulin sensitivity in obese mice (48) . This finding may reflect the absence of hepatic insulin resistance in HFD-induced obese mice as well as the higher physiological dose of insulin infused during clamps, which can fully suppress endogenous glucose production and mask more subtle effects on hepatic insulin sensitivity (6, 22, 48) .
The circulating ANG II/ACE pathway chronically contributes to positive energy balance to promote weight gain. Genetic or pharmacological inhibition of ACE lowers body weight and adiposity by increasing energy expenditure (10, 21, 31, 32, 46) ; although these findings do not readily translate to clinical populations. In this study, captopril lowered body mass by~32% and decreased adiposity and increased lean mass in obese mice. Other similar studies did not report lean mass following captopril treatment or reported no change in grams of lean mass in the face of reduced body mass, suggesting an increased percentage of lean mass (10, 31, 32, 47) . The weight-reducing effects of ACE inhibitors are thought to reflect reduced food intake in obese rats and mice; however, varying effects are observed depending on brain penetrance of the drug used (10, 31) . Because captopril does not readily cross the blood-brain barrier, effects on food intake are thought to be mediated by increased central ANG II levels (10) . Previous studies have shown that A779 reverses weight-attenuating effects of ANG II blockade in normal and obese rats (31, 39) . In this study, A779 was not able to reverse effects of captopril on body composition, suggesting minor contributions of ANG-(1-7) mas receptor pathways to ACE inhibitor-mediated effects on energy balance in obese mice. This is consistent with studies showing no effect of chronic ANG-(1-7) administration on body composition in obese mice (5, 48) . Furthermore, global knockout of mas receptors in mice increases adiposity without changing total body mass, perhaps suggesting decreased lean mass (37) .
Finally, ANG-(1-7) is known to lower blood pressure in hypertensive rat models (38) , and several studies have shown that A779 attenuates ACE inhibitor-mediated cardiovascular effects in rodents (2, 4, 14, 26, 50) . In this study, A779 did not produce any effect on blood pressure either alone or in combination with captopril, suggesting that depressor effects of ACE inhibition in obese mice are due to inhibition of ANG II formation or potentially other mechanisms, such as bradykinin release. We and others have similarly shown that ANG-(1-7) does not lower blood pressure in obese mice despite protective contributes to the improvement in wholebody insulin sensitivity produced by ANG-converting enzyme (ACE) inhibition in obese mice. A: arterial glucose levels were maintained at~120 mg/dl during a steady-state period of insulin clamps (t ϭ 80 -120 min) by variable intravenous infusion of 50% glucose. B: glucose infusion rate (GIR) needed to maintain euglycemia, a measure of whole-body insulin sensitivity, during the 120-min insulin clamp period. C: ACE inhibition with captopril significantly improved the mean steady-state GIR in obese mice, an effect that was attenuated in the presence of the ANG-(1-7) mas receptor antagonist A779 (PCAP: 0.001, PA779: 0.181, PINT: 0.047; 2-way ANOVA). P values on graphs are post hoc pairwise comparisons with Tukey's correction. Data are means Ϯ SE in obese mice treated with saline (n ϭ 8), captopril (n ϭ 6) (CAP), captopril plus A779 (n ϭ 13), or A779 (n ϭ 6). effects on vascular function and insulin sensitivity (5, 48) . These disparate findings may reflect differences in species, the degree of hypertension, diets, and length of treatment. Importantly, these findings support growing evidence that the antihypertensive effects of ANG-(1-7) are not evident in all research models.
In summary, we extend the present knowledge of hormonal mechanisms involved in ACE inhibition and highlight potentially divergent RAS mechanisms for effects of ACE inhibition on insulin action, blood pressure, and energy balance in obesity. We studied male obese mice, as there is risk for teratogenic effects with ACE inhibitors in premenopausal females, as well as evidence for reduced effectiveness in female clinical populations (41) . Because there is known sexual dimorphism in the expression of RAS components and the cardiometabolic phenotype in obesity (17) , however, there could be important sex differences that were not explored. These findings also support direct targeting of ANG-(1-7) to improve insulin sensitivity in obesity, which may prove advantageous over ACE inhibitors, which produce limiting adverse effects in some patients because of accumulation of bradykinin (15) . It would be of interest to determine in future research whether ANG-(1-7) in combination with an ACE inhibitor provides further metabolic benefits compared with ACE inhibition alone.
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